Nisell and Nims (I) have suggested that measurements upon purely passive expiration curves may be used as a rapid method for demonstrating changes in the mechanical properties of the lungs and thorax of animals and man. Essentially, their technique consists of inflating the lungs of animals or man (made apneic by deep anesthesia, curarization, or hyperventilation) to a known alveolar pressure and then permitting them to deflate passively, by elastic recoil alone, during which time measurements are made of the volume expired against time.
It is the purpose of the present study to make a more detailed study of passive expiration curves. First, a mathematical analysis has been made using the factors found by Rahn, Otis, Chadwick and Fenn (2) ) and Otis and Proctor (3) ; in this analysis, certain assumptions were required. Second, experiments were done using a model system to determine the validity of the mathematical analysis and of the assumptions. Third, experiments were done upon experimental animals and man to determine whether their passive expirations had the same characteristics as those of the model system. This study has shown that certain lung constants can be calculated from a single passive expiration, recording expiratory flow or volume vs. time; that a valid formula can be derived to describe such expirations, and that it may be used to judge whether "passive" expirations are truly passive.
MATHEMATICAL ANALYSIS
If the lungs and thorax of an anesthetized, apneic animal be inflated by a pump, they will, on release, of Medicine, University of Pennsylvania, deflate solely by the pressure generated by the elastic recoil of these tissues. The pressure of recoil (P) is approximately proportional to the volume (V) which had been added during inflation to the functional residual capacity (2) . P = KV 0 I Expiratory flow under these circumstances will be retarded by a) the frictional resistance of air moving through the airways, b) the resistance of the tissues themselves to movement, and c) by the pressure required to overcome inertia and hysteresis. During purely passive expiration the pressure of recoil, (P), is the total pressure available to overcome these resistances to expiration; thereore, P may also be expressed by the formula tested by Proctor and Otis (3) . P = kJ + k2V2 0 2 in which v = flow and kl and k2 are constants. k1 includes all the resistance caused by the laminar air flow in the lungs (4) and any component of tissue resistance which can be similarly described (3) ; this will be called the viscous resistance. k$ includes all the resistance to turbulent air flow (4) and eddies and perhaps some components of tissue resistance as well (3) ; it will be called turbulent
resistance. An assumption is made here that by confining all measurements to certain parts of the expiration curve, viz. after peak flow is attained, the factor of inertia will be so small that it can be ignored.
DuBois' calculations (5, 6) indicate that this is a valid assumption and data obtained in this study confirm this and also indicate the validity of neglecting hysteresis. Since P in equations I and 2 is the same, equations I and 2 can be combined: Before analyzing passive expira tory curves in animals, we tested a model system; the latter included the same system of valves and tubing planned for the animal experiments but a rigid container was substituted for the lungs and thorax. We followed the suggestion of Fenn (2) and employed a metal cylindrical tank of 20 gallons capacity. The orifice of the tank served as the resistance to outflow; sometimes an additional resistance (a canister of glass beads) was added ( fig. I ). The pressure in the tank, relative to atmosphere was measured by a Lilly electrical capacitance manometer. The tank was 'inflated' to a certain pressure and then permitted to 'expire' by opening a solenoid valve. The 'expired' gas passed through the resistances R and sometimes R1 capacity which recorded on a kymograph moving at a speed of 93 mm/set. At the flow rates attained in these experiments, the spirome ter appeared of cumulative flow 'expirations' conducted meter and recalculated to give a faithfu 1 record at each instant; similar through a Lilly flow to yield cumulative volume vs. time, did not show significant differences from the spirometer tracings on the rapid kymograph.
With these data, the static pressure-volume characteristics of the tank can be obtained by graphing a) the pressure in the tank prior to opening the valve against b) the total expired gas volume measured in the spirometer after opening the valve. The value for elastance in column I table I was obtained as the best fit for 26 such experiments; it agrees well with the elastance predicted for isothermal compression of a 20-gallon volume of gas.
However the pressure-volume curve during an 'expiration' may differ from the static pressure-volume curve due to changing temperatures and other effects constituting hysteresis. Therefore the 'dynam volume characteristics of the ic' pressuretank were examined by plotting a) the instantaneous pressure against b) the corresponding instantaneous excess volume in the tank during the course of six of these expirations. Dynamic elasticity was not significantly different from the static value; this effect due to hysteresis. i.e., over 95% of the record is described by equation 4.
The resistance to flow a) of the orifice alone and b) of the orifice plus the container of glass beads, was measured during a steady flow through the tank; this flow was obtained by connecting an air pressure line to the tank inlet (see fig. I These resistances may be regarded as indicating mainly a turbulent. pressure gradient for flow values above I l/set.; equation 5 in the form may therefore conveniently be used for flows greater than I l/set. after peak flow is reached. For that portion of the data in which we may expect a linear relation between dv and t, the slope may be predicted from the independently obtained values of K and Kz listed in cohmns I and z of table I; this 'predicted slope' is listed in column 3. Figure 2 is a record of one such 'expiration' recorded by the spirometer and replotted in the form of 47 vs. t. In a passive expiration of this type, a short initial period (A of fig. 3 ) will be dominated by high acceleration as flow rises from its initial value of zero towards its maximum value. Correspondingly, the pressure used to overcome inertia, which must be the whole of the pressure made available by the elastic forces when flow is zero, rapidly drops off during this period. In addition, at fig. I ), with the solenoid, T/T1 closed, the lungs were inflated to the desired volume with a hand pump and the static pressure recorded. The solenoid valve was then opened and the expired gas passed through the flowmeter, F, either to the air or to an attached spirometer, S. In some experiments, an additional resistance, RI, was placed between the flowmeter and the spirometer. The static P-V relationships were determined by inflating the lungs with the hand pump to different pressures and measuring the volume expired upon release; the P-V curves were approximately linear over the range of pressures cm HzO) used. Forty-eight expiratory flow curves were obtained in all; these were analyzed to determine whether they fit equation 4. In order to do this, it was necessary first to calculate the constants C', Kl/K and &/K for each dog.' This was done by selecting three points on each flow curve and measuring time and flow at each point. The points selected were a point near maximum flow, and two other points with flows equal to one-half and one-fourth of the flow at the first point. By use of equation 4, one obtains three simultaneous equations which are solved for the three desired constants. After determining these constants, equation 4 could be used to calculate the time corresponding to any desired flow so that a calculated curve could be constructed and compared with the actual curve. Eight additional points were usually used for the calculated curve (see fig. 3 ). The curve calculated from equation 4 was found to agree well with the actual curve after the point of peak flow, i.e. after the first 5% of time of the curve. However, equation 6 failed to fit the data except for those few cases in which the calculated Kz was small, and equation 5 failed in all cases.
In one dog, 36 experiments were performed without added resistance and then a resistance of known magnitude (P/1' = 0.84 + 2.5 v) was added in series with the tracheal cannula (see fig. I ) and six additional experiments were performed. Again the actual curve could be closelymatched by a curve constructed from equation 4. l It is impossible to determine all 4 constants (C, k1, kz, and K) from analysis of one curve. C' = C/K being a constant of integration can be evaluated from the initial conditions; since K is a common denominator for both k1 and kz, it is necessary to calculate only 2 physiological coefficients k&C and k2/.K. 
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The fact that equation 4, with constant coefficients, fit the data from a single expiration indicates constancy during a single expiration of the ratios, KJK and &/K. However, these ratios were found to vary from one expiration to the next. This was not due to any progressive change in the condition of the animals during the experiments since there was no trend in the values with time. The turbulence factor, K&C, had a higher mean value in those experiments with a larger initial inflation than in those with a low initial inflation, but the scatter and overlap of groups separated on this basis is large. However, K&C, when plotted against the viscous factor, K1/K, yields a straight line. In other words, the turbulence factor increases when the viscous factor decreases ( fig. 4 ). This direction of change indicates that it is the resistances that are changing and not the elastance, since a change in the elastance alone would have caused both resistance factors, K&C and K&C, to increase proportionately. The six experiments with added resistance and the experiments on the second dog showed a similar trend (table 3  and fig. 4 It seemed of interest to determine whether a normal human expiration is a purely passive event. If so, the postulates for the anesthetized dog, should be applicable and equations 3 and 4 which had been validated in the dog, should describe the records. Expira t ory pneumotachograms were obtained in three normal subjects breathing quietly and con- and values of elastance found by Rahn et al. (2) into equation 4 yields a graph ( fig. 5 ) from which the data deviate in a direction that suggests either a) the presence of a resistance greater in early expiration than later, or, b) inspiratory muscle tonus which continues into the first part of expiration and then gradually decreases. Although not specifically stated, constancy of resistance during expiration is suggested by the interruptor studies of Proctor and Otis (3) and this tends to support the concept that inspiratory tonus is present and varies during expiration. The results suggest that the greater part of the expiration in normal breathing is not simply passive. This may raise some question as to the ability of a conscious individual to relax voluntarily in any breathing cycle.
DISCUSSION
Ma thema tical analysis suggested and experiments on a model and on dogs indicated that the flow curves, occurring during passive expiration of the type proposed by Comroe et al. (I) for evaluating mechanical factors in respiration, could be analyzed for two constants, Kl/K and K/K. The final equation (4) resulting from the mathematical analysis is based on three simple assumptions which may be expressed as: There is a) a constant dynamic elastance equal to the static elastance b) a resistance expressable as the sum of a viscous and a turbulent term, and c) negligible inertia.
Hysteresis, or lag in the stress-strain diagram, is usually defined in a P-V curve, in terms of the difference between the curve obtained while pressure is increasing and the curve obtained while pressure is decreasing. These two curves in any cycle form a loop which encloses the static P-V curve. In our experiments we have no measure of elastance during inspiration. But in expiration, we may regard hysteresis as the sum of all effects which make the pressure, developed at a given volume during expiration, smaller than the pressure developed at the same volume under static conditions. Dynamic elastance is equal to the static only a) if there is no stressrelaxation lag (hysteresis) in the tissues themselves and b) if any regional differences in pressure which may occur in the lung, equilibrate very rapidly in comparison with the rate of change of mean pressure within the lung; so that in effect, only the mean pressure is important in driving the lung-chest system. If we accept the good fit of the expiratory curves to equation 4 as validating our mathematical assumptions, equations I and 2, then the dynamic elastance, like the static, must be a constant independent of volume. Comparison of dynamic and static elastance now yields a measure of hysteresis during passive expiration. There was no significant difference (P > .3) in one dog tested by this method. However, due largely to the fact that the method involves the difference between two large experimental numbers, a significant difference (P < .05) could not be obtained unless the dynamic elastance were less than two-thirds the static. Therefore, we may only say that the sum of all forces tending to distort the static elastance ('overall hysteresis') was found experimentally to be less than one-third the static elastance.
Rohrer (4) proposed the formula P = K1 v + KZ v2 to express the resistance in the airways on the basis of theoretical considerations. Since then many authors (3, g, IO, 12) have found experimentally that this formula fits total resistance to flow including tissue resistance as well as airway resistance. It is interesting that a 'turbulent' term must be retained at all flow rates as predicted by Rohrer (4) from consideration of eddy effects at branching points in the bronchi. This work tends to confirm these authors. This method has the advantage over the interruptor method (3) in that it can examine any single outflow curve along its entire course.
Two observations which tend to confirm that inertia in the chest-lung system is negligible were made in the present experiments : a) Deceleration during the phase of diminishing flow was never so great as one-twentieth the acceleration du ring the phase of increasing flow ( fig. 3) . In these dogs, if the pressure corresponding to acceleration is proportional to acceleration, or to a sum of powers of acceleration, then that pressure on the phase of diminishing flow must always be less than one-twentieth the maximal pressure associated with inertia in the rising phase. But during the first tenth of a second before much volume has escaped, the driving pressure must stay nearly constant. Consider then the most extreme case, that in which the pressure corresponding to maximal acceleration is equal to the total driving pressure furnished by chest-lung elastance. Even then, in the falling phase, the pressure effects due to inertia will represent less than one-twentieth the driving pressure, i.e., disregarding it will lead to an error less than 5 %. These observations are in accord with the results of DuBois (5, 6). b) The peak flow in the dog's expiratory record (.03-.04 sec.) coincided very nearly with the time of opening of the solenoid valve.
The constancy during a single expiration of the two ratios, K&C and &/K, seems to indicate a constant resistance and a constant elastance during the course of each expiration. However, there is a different resistance on each successive expiration, and this may well explain the fairly large scatter in the data of Otis et al. (3) obtained by the interruptor method. This is comparable to the changing resistance found by Nisell (12) in successive expirations of cats. In addition, the fact that K2 increases when K1 decreases may indicate that in some expirations eddy currents or true turbulence may be extended further along some of the air passages replacing laminar flow in those passages. Occlusion of some bronchi or alveoli might also exist during some expirations and not during others.
While these observations tend to prove the assumptions and applicability of equation 4 in the anesthetized, apneic, normal animal, there remain a whole group of situations in which this has not been proven. Increased inertia and gross inequality of dynamic and static elastance may occur in diseased individuals.
Changing resistance during the course of expiration may be marked in the presence of bronchial abnormalities, emphysema, or asthma.
Nisell (12) has It was possible to obtain values of K1, K2, and K from the expiratory flow patterns. Inertia was found to be negligible.
A method is detailed for using this type of data to evaluate hysteresis. In one dog, hysteresis was found to be less than one-third the value of static elastance.
Normal unanesthetized human expirations do not fit this pattern. The implication is that they are not simply 'passive'.
